Infection with wild-type adeno-associated virus (AAV) is common in humans, but very little is known about the in vivo biology of AAV. On a molecular level, it has been shown in cultured cells that AAV integrates in a site-specific manner on human chromosome 19, but this has never been demonstrated directly in infected human tissues. To that end, we tested 175 tissue samples for the presence of AAV DNA, and when present, examined the specific form of the viral DNA. AAV was detected in 7 of 101 tonsil-adenoid samples and in 2 of 74 other tissue samples (spleen and lung). In these nine samples, we were unable to detect AAV integration in the AAVS1 locus using a sensitive PCR assay designed to amplify specific viral-cellular DNA junctions. Additionally, we used a second complementary assay, linear amplification-mediated-PCR (LAM-PCR) to widen our search for integration events. Analysis of individual LAM-PCR products revealed that the AAV genomes were arranged predominantly in a head-to-tail array, with deletions and extensive rearrangements in the inverted terminal repeat sequences. A single AAV-cellular junction was identified from a tonsil sample and it mapped to a highly repetitive satellite DNA element on chromosome 1. Given these data, we entertained the possibility that instead of integrated forms, AAV genomes were present as extrachromosomal forms. We used a novel amplification assay (linear rolling-circle amplification) to show that the majority of wild-type AAV DNA existed as circular double-stranded episomes in our tissues. Thus, following naturally acquired infection, AAV DNA can persist mainly as circular episomes in human tissues. These findings are consistent with the circular episomal forms of recombinant AAV vectors that have been isolated and characterized from in vivo transduced tissues.
Adeno-associated viruses (AAVs) are ubiquitous, noncytopathic, replication-incompetent members of the Parvoviridae family. AAV replication requires the presence of a helper virus, and this is usually one of the many serotypes of adenovirus. The epidemiology of AAV infection in humans was extensively studied after its initial description some 40 years ago (2, 3, 5, 19, 37) . Two major conclusions were drawn from this work. First, many adults have antibodies reactive against one or more AAV serotypes (7, 15, 45) , a finding which is entirely consistent with early and repeated exposures to AAV and adenoviruses throughout life. Second, even with this level of exposure, AAV does not cause any disease or other pathological condition in humans.
As noted above, AAV genomes are replicated and packaged into new infectious particles only in the presence of a helper virus. In the absence of helper virus, AAV is unique among viruses in its ability to direct site-specific integration of its genome into a specific locus (AAVS1) on human chromosome 19 (22, 23, 39) . A similar locus has also been identified in nonhuman primates, and recently in rodents (14) . Site specificity is mediated by virally encoded rep gene products via recognition and binding to similar viral and cellular sequences. Such sequence-specific interaction ultimately results in the insertion of head-to-tail proviral AAV DNA arrays that are characterized by rearrangement of viral inverted terminal repeat (ITR) and flanking cellular sequences (24, 33, 36, 50) . The AAV DNA is harbored in this "latent" state until subsequent infection with a helper virus causes reactivation or "rescue" of the AAV genome, resulting in renewed viral replication and production of infectious particles.
To date, this unique property of site-specific integration has only been documented in transformed cultured cells and has never been demonstrated in tissues taken directly from humans. In fact, surprisingly little is known about the molecular events of AAV infection in vivo, either in humans or in permissive animal models. Only two studies have attempted to examine experimental wild-type AAV infection in nonhuman primates (1, 18) . The first study established parameters for AAV infection and did not specifically address molecular characterization of the viral genome (1) . In the second study, rhesus macaques were inoculated with wild-type AAV in the presence or absence of wild-type adenovirus (18) . AAV DNA was found most readily in peripheral blood mononuclear cells in a subset of animals. Site-specific integration into the AAVS1 locus was apparently detected in a single animal using PCR amplification and dot blot hybridization. No attempt to confirm the site of integration or the molecular structure was reported.
Because of the interest in recombinant DNA delivery vectors based on wild-type AAV, a more thorough understanding the basic biology of wild-type AAV infection seems warranted.
To that end, we have recently analyzed tissues from 175 chil-dren for the presence of AAV and adenoviral DNA (5a) . In that study, we found nine samples that harbored AAV sequences. Seven of the nine were from tonsil-adenoid tissues removed at surgery, while the remaining two positives (lung and spleen) were normal samples retrieved from a tissue bank.
In the present study, we undertook evaluation of the molecular forms of the AAV DNA is these tissues using three distinct techniques. In contrast to the prevailing hypothesis, we were unable to identify wild-type AAV integration at the AAVS1 locus using a sensitive S1-specific PCR assay. When we broadened our search for viral-host sequence junctions using a modified linear amplification-mediated PCR assay (LAM-PCR), we found a single integration event on chromosome 1, but again were unable to find any AAVS1 insertions. Finally, using a novel linear rolling-circle amplification assay, we showed that the majority of the AAV genome sequences in these tissues were extrachromosomal circles.
MATERIALS AND METHODS
Cell propagation. HeLa cells and Detroit 6 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and penicillin and streptomycin. 293 human embryonic kidney cells were grown in Eagle's minimal essential medium supplemented with 10% fetal bovine serum and penicillin and streptomycin. HeLa and 293 cells were purchased from the American Type Culture Collection (Rockville, MD) and Detroit 6 cells were obtained from R. Jude Samulski.
Human tissues and DNA isolation. All tissue samples were acquired after approval from the Columbus Children's Hospital Institutional Review Board, and where required, informed consent was obtained. Fresh human tonsil and adenoid specimens (n ϭ 101) were collected from children aged 2 to 13 years undergoing elective surgical excision at Columbus Children's Hospital. Additional human tissues (n ϭ 74) representing normal liver, spleen, muscle, heart, and lung were obtained from the Cooperative Human Tissue Network at Columbus Children's Hospital. The ages of the individual subjects ranged from 0 to 30 years. Subjects under 6 months of age (n ϭ 49) were analyzed but were considered unlikely to have been exposed to adenovirus and AAV infection. In addition, for 3 of the 74 samples, the age of the subjects could not be determined. Thus, there were 22 samples from individuals aged 6 months to 30 years available for analyses, and 6 of the 22 were from individuals older than 14 years. Samples were stored frozen at Ϫ80°C until DNA isolation.
Freshly thawed tissue (0.2 to 0.5 g) was digested for 15 h in 3 ml of digestion buffer (10 mM Tris, pH 8.0; 100 mM NaCl; 0.5% sodium dodecyl sulfate; 25 mM EDTA) supplemented with 2 mg/ml proteinase K at 55°C with constant agitation. DNA was subjected to three phenol-chloroform-isoamyl alcohol (25:24:1) extractions. A final chloroform extraction was performed, followed by DNA ethanol precipitation and resuspension in 10 mM Tris, pH 8.0.
Quantitative PCR and DNA hybridization. AAV genome copy number in tissue samples was quantified using real-time TaqMan PCR analysis (ABI 7700, PE Applied BioSystems). The primers and probe set were selected following alignment of 255-bp cap DNA sequences ForCAPSS (bp 3004 to 3024): 5Ј-AACGACAACCACTACTTTGGC-3Ј (50 nM); RevCAPSS (bp 3074 to 3054): 5Ј-AAGTGGCAGTGGAATCTGTTG-3Ј (900 nM); probe (bp 3024 to 3050), 5Ј-CTACAGCACCCCCTGGGGGTATTTTGA-3Ј[6-carboxyfluorescein (FAM)-tetramethylrhodamine (TAMRA)-FAM] (270 nM). PCR conditions were: 50°C 2 min, 95°C 10 min, 40 cycles of 95°C 15 s, and 60°C 1 min using 250 ng of human total cellular DNA in 1X TaqMan PCR master mix.
For hybridization analyses, DNA was fractionated on 0.8% agarose gels, dehydrated and subjected to in-gel hybridization or transferred to a nylon membrane using a vacuum manifold dot blot apparatus. DNA hybridization conditions were 65°C for 16 h in buffer containing 6ϫ (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) SSC, 1ϫ Denhardt's reagent, and 200 g/ml sonicated herring sperm DNA. Rehydrated gels and nylon membranes were washed twice at 60°C in 2ϫ SSC, 0.2% sodium dodecyl sulfate for 30 min, and then twice at 60°C in 0.2ϫ SSC, 0.2% sodium dodecyl sulfate for 30 min.
AAVS1-PCR.
To detect AAV integration in the AAVS1 locus, nested PCR was performed using 1 g of total cellular DNA as template with primers specific for the human AAVS1 locus and AAV rep or cap genes (20, 43) . The reaction conditions for first-round PCR were as follows: 25 pmol of each primer, 200 mM deoxynucleotide triphosphates, 5 U Herculase Hotstart DNA polymerase (Stratagene) with Herculase reaction buffer. The AAV-specific primers used in firstround PCR were as follows: cap; CAPGSP1 (bp 4320 to 4349), 5Ј-GTCTGTTAA TGTGGACTTTACTGTGGACAC-3Ј, or rep (bp 479 to 455); REPGSP1, 5Ј-CAGGGGTGCCTGCTCAATCAGATTC-3Ј. The AAVS1-specific primer was AAVS1-1R, 5Ј-ATGGCTCCAGGAAATGGGGGTGTG-3Ј (43) . The PCR cycling conditions were as follows: denaturation at 95°C for 90 s, followed by 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 6 min, with a final extension of 72°C for 10 min.
For nested PCR, 1 l of the first-round PCR was used as template with the same reaction conditions as noted for the first-round PCR using the following primers: AAV-specific primers, cap (bp 4357 to 4379); CAPGSP2, 5Ј-GTGTAT TCAGAGCCTCGCCCCAT-3Ј, rep (bp 404 to 427); REPGSP2, 5Ј-TCCCAT TCCTTCTCGGCCACCCAG-3Ј, and AAVS1-specific primer AAVS1-2R; 5Ј-CACCAGATAAGGAATCTGCC-3Ј (43) . To verify the integrity of the AAVS1 locus and our ability to amplify AAVS1 sequences, we performed control PCRs using specific primers spanning 2.2 kb of the AAVS1 locus that included the Rep binding site. The control primers were: AAVS1-F4, 5Ј-GAT TTCCACTGGGCGCCT-3Ј and AAVS1-1R (above). PCR products were cloned into a TOPO-TA cloning vector (Invitrogen Corp.) and sequenced using an ABI 727 capillary electrophoresis automatic sequencer (PE Applied BioSystems) by the Columbus Children's Research Institute Sequencing Core Laboratory.
LAM-PCR. Linear amplification-mediated (LAM)-PCR was used to isolate sequences contiguous with AAV genomes in samples of total cellular DNA representing a variety of human tissues. The AAV sequence was first amplified from 1 g of genomic DNA using with a single, biotinylated primer corresponding to either the 5Ј region of rep (bp 545 to 519); REPBIO, 5Ј The biotinylated PCR products were captured using 200 g of streptavidincoated, magnetic beads (Dynabeads kilobase Binder kit, Dynal Inc.) in conjunction with a magnetic particle concentrator (Dynal) according to the manufacturer's protocol. After binding, the beads were washed twice with 100 l of 10 mM Tris-HCl (pH 8.0) and incubated with 2 U of Klenow (Roche), 300 mM deoxynucleotide triphosphates (Invitrogen Corp.) and random hexanucleotide mix (Roche Applied Science) in a 20-l reaction volume for 1 h at 37°C to create double-stranded DNA. Following incubation, the DNA-beads were washed twice as described above and incubated for 2 h at 37°C with 5 U of a blunt-cutting restriction endonuclease (EcoRV, PvuII, or StuI: New England Biolabs) and 5 U of a restriction enzyme that generates a 3Ј overhang end and cuts once within the AAV genome (SalI). After restriction enzyme digestion, the beads were washed as above, and a blunt-end, double-stranded DNA adaptor (100 pmol of the GenomeWalker Adaptor, Universal GenomeWalker Kit, Clontech) was ligated to the restricted DNA in a 10-l volume containing 20 U of T4 DNA ligase and the accompanying ligation buffer (New England Biolabs) at 16°C for 16 h.
The DNA-beads were washed as described above and used as the template in a nested PCR. The first round of PCR used 25 pmol of each primer, 200 mM deoxynucleotide triphosphates, 5 U of Herculase Hotstart DNA polymerase (Stratagene) with the Herculase reaction buffer using the same cycling conditions as above with the exception that only 30 cycles were performed. The primer specific to the adaptor (AP1, 5Ј-GTAATACGACTCACTATAGGGC-3Ј) was supplied in the Universal Genome Walker kit. The AAV-specific primers used in first-round PCR were as follows: cap, CAPGSP1, 5Ј-GTCTGTTAATGTGGA CTTTACTGTGGACAC-3Ј; or rep, REPGSP1, 5Ј-CAGGGGTGCCTGCTC AATCAGATTC-3Ј. The epo control primer used was HepoGSP1, 5Ј-GACCCC ATGAGAGCCAGAGGCCAG-3Ј. For nested PCR, 1 l of first-round PCR was used as the template with the same reaction conditions as for first-round PCR with the following primers: adaptor primer-AP2, 5Ј-ACTATAGGGCAC GCGTGGT-3Ј; cap, CAPGSP2, 5Ј-GTGTATTCAGAGCCTCGCCCCAT-3Ј; rep, REPGSP2, 5Ј-TCCCATTCCTTCTCGGCCACCCAG-3Ј; epo, HepoGSP2, 5Ј-CATCCTGTCTTCATGGTTCCCAC-3Ј. PCR products were cloned into the TOPO-TA cloning vector (Invitrogen Corp.) for sequence analysis.
Linear rolling-circle amplification. To prepare genomic DNA samples for linear rolling-circle amplification, 1 g of genomic DNA was first digested in a 15-l volume with a restriction enzyme that does not cut within the AAV genome (SpeI for human tissue samples; EcoRV for Detroit 6 and plasmid spike samples). The resulting linearized DNA was digested by incubation with 10 U of Plasmid-Safe ATP-Dependent DNase (Epicenter Technologies) in a 25-l final volume for 16 h at 37°C in 33 mM Tris (pH 7.8), 66 mM potassium acetate, 10 mM magnesium acetate, 0.5 mM dithiothreitol, and 2 mM ATP. The nuclease was then heat inactivated for 30 min at 70°C. The resulting template DNA (2.5 l, equivalent to 100 ng) was mixed in a final volume of 15 l in 10 mM Tris HCl, pH 8.0, with 300 pmol each of two AAV cap-specific primers: temp1 (bp 2882 to 2898), 5Ј-ATTGGCATTGCGATTCC-3Ј; and temp2 (bp 2926 to 2910), 5Ј-TGGTGATGACTCTGTCG-3Ј. Each primer contained a phosphothiorate linkage between the last 3Ј base to increase primer stability. The reaction was heated to 95°C for 3 min, then cooled slowly to 4°C to allow primer annealing, and mixed with 15 l of 29 DNA phage polymerase (TempliPhi, Amersham Biosciences) reaction buffer containing 29 polymerase, and incubated for 18 h at 30°C. Amplified products were heat inactivated at 65°C for 10 min and then digested with EcoRI for subsequent dot blot hybridization.
RESULTS
Identification of AAV sequences in human tissues. As part of a study of the molecular epidemiology of AAV infection in children (5a), we tested 175 tissues for the presence of AAV DNA by PCR. From tonsil-adenoid tissues, we identified 7 AAV positive samples (designated as T17, T32, T40, T41, T70, T71, and T88). Samples T17 and T32 contained both AAV and adenovirus sequences. Two (lung and spleen, LG15 and S17, respectively) of 74 additional tissues were also AAV positive. From these nine AAV positive samples, entire AAV capsid gene sequences were generated and analyzed. Sequence analysis revealed that eight of the nine isolates were closely related to AAV2, while the other isolate shared significant homology to the recently described AAV2/3 hybrid clade (16) .
Molecular characterization of AAV DNA in tissues. Having identified AAV DNA sequences within these human tissues, we turned our attention to characterization of the molecular form of the DNA within the cell. Prevailing wisdom suggested that AAV DNA would be found integrated within the AAVS1 locus on human chromosome 19 (23, 39) . As a first step, we determined (using quantitative PCR) the AAV genome copy number in tissues; values ranged from 80 to 33,000 copies/g of total DNA. Given these values, it was not surprising that attempts to characterize AAV DNA within total cellular DNA by standard restriction enzyme digestion and Southern blot analysis were unsuccessful (data not shown). This led us to develop alternative assays to delineate the predominant viral form(s) present within these human tissues. (21), whereby the EcoRI site defining base pair 0 is denoted (positive integers to the right, negative integers to the left). (B) Southern blot hybridization analysis of AAVS1-PCR products using Detroit 6 cellular DNA. Decreasing copies of Detroit 6 genomes (100,000 to 1) were spiked into 1 g of naïve human genomic DNA and subjected to nested AAVS1 PCR. The PCR products were fractionated on an agarose gel and Southern hybridization was performed using an AAVS1-specific probe. The expected 1.5-kb AAV-AAVS1 junction fragment is readily detected by nested PCR using a single Detroit 6 cell junction equivalent. (C) Southern blot AAVS1-PCR on human clinical samples. AAVS1-PCR was performed on 1 g of genomic DNA isolated from various human clinical samples. Southern blot hybridization using an AAVS1-specific probe failed to detect any signal (except in Detroit 6 control DNA).
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Analysis of integration into the AAVS1 locus. To directly examine AAV DNA insertion into the AAVS1 locus, we developed a set of nested PCR primers to amplify AAV/AAVS1 viral-cellular junctions. For a positive control, we used the well-characterized Detroit 6 cell line in which head-to-tail tandem integration of AAV2 into the AAVS1 locus had been described (Fig. 1A) (21) . Quantitative PCR revealed that Detroit 6 cells contained five viral genome copies per cell, and this value was used to define the sensitivity of the assay. As seen in Fig. 1B , we readily detected a single cell equivalent (five AAV copies) as evidenced by the amplification of the expected 1.5-kb PCR product. Importantly, identical assays of the tissue DNA samples failed to yield a PCR product (Fig. 1C) . DNA integrity was validated using a control AAVS1 PCR amplification and all samples amplified the expected 2.2-kb fragment (data not shown).
LAM-PCR analysis of AAV integration. Our failure to detect AAVS1 integration by direct PCR led us to consider the possibility that AAV genomes were either (i) randomly integrated elsewhere into the host genome or (ii) not integrated. To address these possibilities, we adapted a linear amplification mediated PCR (LAM-PCR) method that was previously used to map retroviral vector integration sites (40) . The assay (outlined in Fig. 2 ) used a single AAV-specific, biotinylated primer to amplify linear fragments (100 cycles) that extended into unknown flanking sequences. The linear DNA fragments were captured on streptavidin beads, converted to double-stranded DNA, and digested with restriction enzymes to create a blunt DNA end in the flanking sequence. A blunt-ended linker was then ligated to the free end that generated an anchoring point for nested PCR primers.
Nested PCR was performed using primers specific for AAV and linker sequences, and products were cloned and sequenced. To validate the LAM-PCR assay, we mapped the known insertion site of AAV2 in Detroit 6 cells (Fig. 1A ) using a variety of blunt-cutting restriction enzymes (StuI, PvuII, and EcoRV). Regardless of the blunt cutting restriction enzyme employed, clones possessing identical viral/cellular junctions were obtained, which matched the published insertion site (21) . LAM-PCR sensitivity was determined by preparing FIG. 2. Schematic of linear amplification mediated PCR (LAM-PCR) to detect random AAV integrants. To isolate DNA sequences flanking integrated wild-type AAV genomes, linear PCR (100 cycles) was performed on total cellular DNA (1 g) using an AAV-specific biotinylated primer homologous to a conserved region in the cap or rep gene (cap is shown). PCR products were captured on streptavidin beads and converted to double-stranded DNA by random hexanucleotide priming. The double-stranded DNA was then digested with a blunt-cutting restriction enzyme (EcoRV, PvuII, or StuI) to generate a substrate for ligation of a blunt linker (vertical box) to the end of the digested DNA. To reduce the level of competing internal AAV-AAV junctions, double stranded fragments were also digested with SalI, which created an incompatible end for ligation of the blunt adaptor. The resulting DNA fragments were subjected to two rounds of PCR using AAV and linker-specific primers. PCR products were analyzed by Southern hybridization and cloned into an appropriate PCR vector for subsequent analysis. FIG. 3 . LAM-PCR validation and sensitivity using Detroit 6 cells. Southern blot hybridization was performed on LAM-PCR products to determine assay sensitivity. Naïve human total cellular DNA (1 g), containing various spiked copies of Detroit 6 cell DNA, was used as the template for LAM-PCR using an AAV cap-specific primer and a ligated blunt linker. Positive Southern hybridization (using an AAVS1 probe) detected amplification of as few as 160 Detroit 6 viral-cellular junctions. Shown in the bottom panel is an ethidium bromide stained gel of a human erythropoietin (cap) LAM-PCR genomic fragment that was generated using the same DNA templates used for the AAV LAM-PCR analysis. All samples amplified the expected 500-bp cap genomic fragment following LAM-PCR with an cap gene-specific primer (see Materials and Methods), confirming the DNA integrity of the sample and the reproducibility of the LAM-PCR assay.
10-fold serial dilutions of Detroit 6 DNA (ranging from 1.6 to 160,000 copies of AAV-cellular junctions) in a background of 1 g of genomic DNA isolated from a naïve human tonsil. We were able to amplify as few as 160 AAV-cellular junctions using either a cap (Fig. 3) or rep biotinylated primer (data not shown). As an internal control for DNA integrity and purity, a human erythropoietin (epo) gene-specific LAM-PCR primer was designed and yielded the expected 0.5-kb epo LAM-PCR product (when used with the linker specific primer) in all DNA samples assayed (Fig. 3, bottom panel) .
LAM-PCR was performed on the nine AAV positive human samples using both cap and rep primer sets, with an array of blunt cutting restriction enzymes (StuI, PvuII, and EcoRV) to maximize the chances of obtaining a blunt-cutting restriction site in close proximity to an integration site. Representative Southern blots of the resulting AAV specific LAM-PCR products (cap primer) are shown in Fig. 4A . Multiple hybridizing PCR products of various sizes (0.5 to 5.5 kb) were present in tissues T70, T71, and T88. As expected, the Detroit 6 template DNA also yielded fragments of the predicted size based on the specific blunt-cutting restriction enzyme employed (see Fig. 1A for restriction map). Moreover, the internal human erythropoietin control LAM-PCR primer amplified the expected DNA fragment, verifying DNA template quality (Fig. 4A) .
We successfully isolated 44 AAV-specific LAM-PCR products from six of the nine positive human samples (T17, T32, T40, T70, T71, and T88), and subsequently cloned and sequenced the fragments. From these clones, a single AAV integration event was documented within a 5.5-kb PvuII clone from tonsil sample T71 (Fig. 4) . This clone contained 250 bp of AAV DNA followed by approximately 5 kb of chromosome 1 sequence that ended with the expected LAM-PCR blunt linker. The cellular sequence mapped to position 1q31.1 and is composed primarily of a (GGAAT) n pentameric repeat se- LAM-PCR was performed using 1 g of total cellular DNA with either AAV rep or cap primer (cap is shown). The top panel shows LAM-PCR using EcoRV as the blunt-cutting restriction enzyme, while the middle panel shows LAM-PCR using PvuII. The DNA was hybridized with an AAV-specific probe. Detroit 6 DNA (D6) was used as a positive control and gave the predicted size based on the restriction analysis of the AAVS1 locus (see Fig. 1A ). Positive hybridization of various sizes can clearly be seen in samples T70, T71, and T88. Analysis of the LAM-PCR products revealed that an approximate 5.5-kb band in sample T71 contained an AAV-cellular junction (starred). The bottom panel shows an ethidium bromide stained gel of the LAM-PCR products using a human epo gene-specific primer as an internal control. All sample amplified the expected 500-bp genomic fragment, confirming the DNA integrity of the samples and the reproducibility of the LAM-PCR assay. (B) Schematic of AAV-cellular junction from tissue T71. The 3Ј AAV sequence is represented on the left ranging from bp 4357 (the position of the cap LAM primer) to the junction at bp 4604 in the AAV ITR. The AAV sequence in the LAM-PCR product contained the 3Ј cap sequence as well as a complete D, A, and C ITR region. There appears to be only 2 bp of homology between the breakpoint of the AAV ITR and the chromosomal sequence (dotted underline). The LAM-PCR product contained approximately 5 kb of human chromosomal DNA that mapped to position 1q31.1, composed primarily of a (GGAAT) n repeat sequence (solid underline).
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on November 11, 2017 by guest http://jvi.asm.org/ quence (Fig. 4B) . The viral junction breakpoint consisted of a single 3Ј AAV ITR that contained a complete D, A, and C region, with the remainder of the ITR deleted (Fig. 4B ). There were two base pairs (AA) of microhomology between the breakpoint of the AAV ITR and the cellular sequence. The remaining LAM-PCR products (n ϭ 43) consisted of either partial AAV sequence or AAV-AAV junctions separated by various amounts of intervening viral ITR sequence (summarized in Table 1 ). The fine structure of several AAV-AAV junction clones (isolated from T70) are shown in Fig. 5 , the majority of which contain large ITR deletions. However, several clones (T70-11, T70-12, and T70-C1) appeared to contain a more fully intact ITR sequence, characterized by the presence of a double-D sequence structure (49) . We were
FIG. 5. Schematic of AAV-AAV junctions isolated following LAM-PCR.
A complete head-to-tail AAV ITR junction is shown at the top of the figure, along with the positions of the cap and rep primers used. Shown below are various AAV-AAV junctions isolated from tissue T70. The majority of junctions analyzed were in a head-to-tail orientation; however, tail-to-tail (T70-14) and head-to-head (T70-E9) orientations were observed. The breakpoints for each junction are given, with deleted sequence designated using a solid line. For several clones (T70-C1, T70-11, and T70-12), we were unable to obtain readable sequence after the D region from either side (designated as dotted lines), which was presumably due to strong secondary structure associated with the ITR structure. T17  0  3  0  0  0  3  T32  0  2  1  0  0  3  T40  0  5  0  0  0  5  T70  0  5  12  1  1  19  T71  1  4  0  0  0  5  T88  0  4  2  1  2  9  Total  1  23  15  2  3  44 a Three of nine positive samples (T41, S17, and LG15) did not give rise to any detectable LAM-PCR product. b LAM-PCR products contained AAV sequence corresponding to a portion of a single AAV genome.
unable to obtain complete DNA sequence beyond the D regions, which was likely due to the extreme secondary structure present within the ITR cruciform. Linear rolling-circle amplification of episomal DNA. Given that two complementary methods failed to show integration of AAV DNA into the S1 locus, and that integration elsewhere seemed rare, we were left with the conclusion that the majority of the AAV DNA in the human tissues must be extrachromosomal. To directly address this possibility, we developed a novel assay using linear rolling-circle amplification to specifically amplify double-stranded, circular AAV genomes from total cellular DNA. A schematic of the approach is shown in Fig. 6 . Total cellular DNA was initially digested with a restriction enzyme that was not predicted to cut within the AAV genome. This generated linear DNA fragments that were substrates for degradation by digestion with a novel exonuclease (Plasmid-Safe DNase) that selectively removes doublestranded and single-stranded linear DNA, as well as singlestranded circular DNA. Importantly, Plasmid-Safe DNase does not degrade double-stranded, circular DNA molecules, thus effectively enriching the DNA sample for free circular AAV genomes while degrading integrated AAV forms. We previously demonstrated that this exonuclease is able to efficiently degrade single-strand AAV genomes and all detectable replicative forms (10, 41) . After digestion, remaining intact circular AAV episomes were amplified by isothermic rollingcircle amplification using 29 phage DNA polymerase. AAVspecific primers (cap gene) were used to yield AAV-specific DNA consistent with high-molecular-weight head-to-tail amplicons.
T88 DNA (100 ng) was subjected to linear rolling-circle amplification, which resulted in the synthesis of high-molecular-weight concatameric AAV forms that upon digestion with a one-cut restriction enzyme generated the unit-length form (Fig. 6) . Control linear rolling-circle amplification reactions using either linear or circular plasmid DNA spiked into naïve cellular DNA confirmed the assay specificity (Fig. 7) . These results indicated that episomal wild-type AAV forms were present within sample T88. A minor hybridizing band with faster mobility was also observed (Fig. 6) , which did not correspond in size to the predicted head-to-head or tail-to-tail orientation. This smaller DNA form was probably derived from deleted episomal forms, consistent with the AAV-AAV junctions isolated by LAM-PCR (Fig. 5) . Moreover, five additional samples (T32, T40, T70, T71, and S17) also contained various amounts of linear rolling-circle amplification-amplifiable AAV DNA, which indicated the presence of similar episomal forms in these tissues (data not shown). The three samples that did not amplify (T17, T41, and LG15) tended to have a lower copy number of AAV DNA (Fig. 7) or lower quality of the total genomic DNA preparation.
AAV genomes persist predominantly as episomes in human tissues. The ability to amplify circular AAV DNA led us to consider whether the linear rolling-circle amplification assay could be used to estimate the amount of AAV DNA that existed as extrachromosomal circles. As noted above, the linear rolling-circle amplification assay was validated by subjecting plasmid DNA (in supercoiled or linear form) to the assay using 10-fold serial dilutions of a 15-kb plasmid spiked into 100 ng of human genomic DNA from a naïve tonsil (Fig. 7 , Plasmid Standard). Amplified DNA was observed by Southern dot blot hybridization using as few as 1,000 circular input copies, while linear plasmid DNA failed to yield amplified DNA at any input (up to 10 6 copies), thereby confirming linear rolling-circle amplification specificity. Furthermore, for Detroit 6 cells, which have 83,300 integrated AAV genomes in 100 ng, linear rollingcircle amplification failed to amplify the integrated AAV genome, providing further confirmation of assay specificity.
We analyzed the AAV-positive human samples for the presence of episomal AAV genomes using linear rolling-circle amplification in combination with Southern dot blot hybridization to visualize the amplified product (Fig. 7, Clinical Samples) . Samples T70 and T71 demonstrated amplification at an intensity on the Southern blot similar to the 1,000 circular copy plasmid standard (Fig. 7) . Based on the initial AAV genome copy number in these samples (T70 had 780 AAV copies/100 ng FIG. 6 . Linear rolling-circle amplification for the detection of AAV episomes. Total cellular DNA was digested with a restriction enzyme that does not cut within the AAV genome. The DNA was then treated with Plasmid-Safe DNase, which degrades linear fragments but leaves circular, double-stranded DNA intact. The digestion reaction served as a template for linear rolling-circle amplification using AAV-specific primers and 29 phage DNA polymerase. Large, linear concatameric arrays (U, uncut linear rolling-circle amplification DNA from tissue T88) were produced following amplification of circular AAV episomes. The linear arrays were subsequently digested into unit-length monomers by restriction enzyme digestion with an enzyme that cleaves the AAV genome once (labeled 1 in the figure) . The unit-length fragment was then cloned into an appropriate vector for further sequence analysis.
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on November 11, 2017 by guest http://jvi.asm.org/ and T71 had 760 AAV copies/100 ng), these data suggested that the majority of the T70 and T71 AAV DNA existed in a circular conformation. Likewise, tissue sample T88 (3,300 AAV copies/100 ng) showed DNA amplification at a similar level as that detected for the 10,000 plasmid copy standard, which is also consistent with the majority of T88 AAV DNA also being in a circular conformation. The lower amplification levels observed in the remaining samples (T17, T32, and S17) did not permit an estimation of episomal prevalence using the Southern dot blot methodology.
DISCUSSION
The goal of this study was to define the molecular form of AAV genomes that we found in human tissue samples. Based on extensive in vitro cell culture data demonstrating preferential site-specific integration of wild-type AAV into AAVS1 (26, 33) , our belief was that targeted integration would also occur in vivo. However, we were unable to show site-specific integration of AAV DNA using two complementary PCR-based assays. In addition, we went on to show that the major form of AAV DNA in these tissues was extrachromosomal and circular.
Although the precise mechanism of targeted AAV genome integration remains unknown, detailed knowledge regarding cis and trans requirements for integration are well documented. The sole viral cis elements necessary for AAVS1 integration are the 145-bp ITR, although enhanced integration has been observed with the inclusion of a portion of the p5 promoter (35) . Integration is dependent on the large Rep proteins and involves dual recognition in cis of Rep binding sites within the viral ITR and the AAVS1 locus. Mutational analysis of the Rep78/68 proteins indicated that DNA binding, helicase, and site-specific endonuclease activities were all necessary for AAVS1 integration (25, 44) . Both the AAVS1 Repbinding site and trs sequence elements have also been shown to be essential for viral targeting to this locus via Rep78/68-dependent replication from the AAVS1 origin of replication (52) .
Mechanistically, Rep protein multimerization is thought to be essential to bring both physical elements into proximity for recombination via limited DNA replication at the AAVS1 origin. Following integration, wild-type AAV proviral structures are predominantly found in head-to-tail concatameric arrays, and possess microhomology at the viral/cellular junctions (6, 27, 38, 50) . As noted earlier, this process has been well documented in transformed cultured cells, and may occur in vivo. In a study by Hernandez et al. (18) , nine rhesus macaques were inoculated with AAV in the presence or absence of wild-type adenovirus. Site-specific integration was apparently detected in 1 animal by PCR amplification of wild-type AAV-cellular DNA junctions via dot blot hybridization.
Recently, site-specific integration has been observed in an AAVS1 transgenic mouse model (36) using a recombinant adenovirus vector harboring an AAV ITR-containing vector. Under conditions of inducible AAV Rep protein expression, AAV vector genome integration into AAVS1 was clearly documented with this hybrid vector. This study reaffirms the requirement for Rep protein expression and AAV ITR elements for targeted integration, but whether this occurs at similar frequencies in vivo following wild-type AAV infection remains to be determined in this experimental model.
At the outset, we chose to use the well-characterized latently infected Detroit 6 cell line to validate and optimize an AAVS1 integration assay. In these cells, we detected single AAV-AAVS1 integration events in Detroit 6 genomic DNA spiked into a competing background of naïve total cellular DNA. When applied to our AAV-positive human tissues, we were unable to detect AAV-AAVS1 cellular junctions in any of the nine samples. Failure to observe AAVS1 targeted integration was unexpected, but similar results had been observed in vivo using an experimental model of AAV infection in nonhuman primates (18) .
The absence of targeted integration did not preclude the possibility of random integration into the host genome. Several cellular pathways exist that could facilitate random integration of exogenous DNA into the host cell, including either homologous or illegitimate recombination via host cellular DNA FIG. 7 . Wild-type AAV genomes are present predominantly as episomes. To determine the sensitivity of the linear rolling-circle amplification assay, 10-fold dilutions of circular (C) or linear (L) DNA plasmids containing the AAV2 rep and cap genes were spiked into 100 ng of genomic DNA from a naïve human tonsil sample. Linear rolling-circle amplification was performed using cap-specific primers and the products were analyzed by dot blot Southern hybridization using an AAV-specific probe. Positive hybridization could be detected at 1,000 circular plasmid copy spike (representing episomal DNA), whereas linear plasmid DNA (representing integrated AAV) could not be amplified to any detectable level. Total cellular DNA (100 ng) from AAV-positive clinical samples (S) was then analyzed by linear rollingcircle amplification, and tissues T70, T71, and T88 showed positive amplification. The AAV genome copy numbers in these particular tissues were at or above the level of sensitivity of linear rolling-circle amplification as determined from the plasmid spike experiments. Detroit 6 (Det6) cells, which have 83,000 integrated AAV genomes in 100 ng, failed to amplify the integrated AAV, further confirming linear rolling-circle amplification assay specificity.
repair enzymes (28, 48) . In fact, for many common modalities of in vivo exogenous DNA transfer (i.e., naked plasmid DNA and adenovirus vectors) random integration of introduced DNA has been shown to occur (17, 34, 46, 47) . Moreover, recent data suggested that the frequency of random integration is related to the amount of intranuclear exogenous input DNA (46) . Increased levels of random integration of plasmid DNA into the host genome were observed following highly efficient in vivo electroporation of muscle tissue, which increased intracellular levels of plasmid DNA by 6-to 34-fold compared to standard DNA injection (46) . Interestingly, random integration of recombinant AAV vectors in cultured cells has been shown to preferentially occur at sites of double-strand chromosomal DNA breaks, possibly via interaction between viral ITR and cellular nonhomologous end-joining repair enzymes at regions possessing microhomology (30, 42) . Whether wildtype virus in vivo also integrates at such sites is unknown, but it is notable that the nonhomologous end-joining cellular enzyme Ku86 appears capable of binding to the AAV ITR in a Rep-independent manner in cultured cells (53) .
To directly address the question of random integration, we developed a modified LAM-PCR integration assay to identify and amplify random insertion sites. The LAM-PCR technique was previously exploited to map retroviral vector insertion sites (40) . We modified the assay to minimize detection of AAV-AAV head-to-tail junctions, which are characteristically formed following wild-type infection. By simultaneously using two different restriction enzymes that yield either overhanging or blunt ends, we were able to achieve a detection sensitivity of 1 in 160 viral-cellular integration events, again using control Detroit 6 cellular DNA. The specificity of the assay was confirmed by our ability to map the identical AAV2 insertion site in Detroit 6 cells as that previously published (4, 21) . Using this method, we were able to isolate a single AAV integration event in sample T71 that mapped to the q arm of chromosome 1 (1q31.1). The sequence consisted of a highly repetitive pentameric sequence (GGAAT) characteristic of satellite II/III repetitive DNA. Similar purine tract sequences have been associated with illegitimate integration sites observed in vitro (48) . Also, this integrant possessed 2 base pairs of microhomology with the cellular breakpoint sequence, which was similar to the microhomologies observed in cell culture at sites of recombinant AAV vector integration (29) .
The fact that we detected a single, cell-specific (i.e., nonclonal) integration event encompassing 5 kb of flanking cellular DNA and possessing the expected blunt restriction site and 3Ј linker sequence supported the notion that LAM-PCR is both robust and sensitive. In addition, our ability to amplify a control gene (epo) from all the samples suggested that the assay is reproducible and has sufficient sensitivity to detect a significant proportion of potential in vivo integration events.
Although integration events were rare, we readily identified LAM-PCR products that contained either AAV DNA fragments or consisted of AAV-AAV junction elements oriented predominantly in a head-to-tail manner (Table 1) . These forms likely arose by one of several mechanisms. First, several of the AAV-AAV junction clones were isolated because the blunt cutting enzyme that was predicted to not cut within the AAV genome actually was present and therefore yielded the expected internal AAV-AAV junction product. Second, not all of the LAM-PCR products contained the expected blunt restriction site located just 5Ј to the ligated linker. Hexamer primer annealing at the end of the single-stranded amplicon during conversion to a double-stranded template might have created such random blunt ends.
An alternative possibility is that double-stranded DNA breaks could have occurred prior to cleavage with the bluntcutting restriction enzyme and would therefore be substrates for linker ligation. This underscored the importance of using multiple blunt-cutting enzymes in independent LAM-PCRs to increase the probability of obtaining viral-cellular LAM-PCR junction products. Regardless of the underlying cause, we identified multiple AAV-AAV junction sequences that were predominantly in a head-to-tail orientation. Sequence analysis of the products revealed structures with deleted sequence within the viral ITR and flanking rep and cap sequences, which are very similar to ITR rearrangements observed in vitro following wild-type AAV infection (20, 50) .
These data caused us to consider an alternative possibility, that wild-type AAV DNA persisted in vivo as extrachromosomal elements. To explore this possibility, we adopted a technique known as linear rolling-circle amplification to specifically amplify circular in vivo AAV structures. In previous work, we had characterized the activity of a novel DNA exonuclease (Plasmid Safe DNase) that readily digests double-and singlestranded linear molecules, but not double-stranded circular episomes (10, 41) . With this activity in mind, we used this exonuclease to enrich the AAV-positive samples for episomal AAV forms, while also removing greater than 99% of the total cellular DNA (linear) by digestion with a "no-cut" (does not cleave the AAV genome) restriction enzyme. We then employed an isothermal phage polymerase-dependent amplification process (originally commercialized to amplify plasmid DNA for high-throughput sequencing projects) to amplify circular templates via rolling-circle replication. The assay was validated using linear or circular plasmid DNA spiked into total cellular DNA. Amplification (10 5 -fold) of low-copy circular plasmid inputs (1,000 copies) was easily detected by dot blot hybridization, while linear DNA (10 6 copies) failed to amplify.
Considered together, these data suggest that AAV genomes rarely integrate into the host genome, but instead, persist as free circular forms. While we cannot rule out the possibility that the circular forms detected are integration intermediates, we believe this is unlikely for 2 reasons. First, most of our AAV-positive samples (seven of nine) did not contain detectable adenovirus sequences, which is consistent with a "latent" AAV infection. Although it is formally possible that other viruses (e.g., herpesviruses) could have been present as helpers, AAV has never been (to our knowledge) isolated along with herpesviruses from clinical samples. Second, it seems unlikely that for all the samples assayed, failure to detect targeted integration was due to the preferential isolation of preintegration "intermediates" at the complete exclusion of integrated forms.
Persistence of wild-type AAV genomes as circular episomes is entirely plausible. Complete double-D ITR structures (similar to those detected by our LAM-PCR assay; plasmid, is able to undergo resolution (in a Rep-independent process) in vitro to yield a linear no-end substrate. In the presence of helper virus coinfection, this no-end linear substrate undergoes a productive linear replication cycle after Rep-dependent nicking at the trs site. Thus, a double-D circularized AAV form could efficiently undergo productive lytic replication if provided with complete helper functions. Interestingly, an alternative AAV replication pathway involving circular duplex monomer genomes was recently identified (31, 32) . These circular species appear to constitute up to 10% of monomer duplex intermediates of wild-type AAV. The circularization point of circular duplex monomer AAV genomes also appears to yield the double-D ITR element. This circular duplex monomer genome form was shown to replicate either along the standard linear strand-displacement pathway following resolution of the double-D ITR domain or by a mechanism that was able to maintain the integrity of the circular conformation. These data, combined with the propensity of recombinant derivatives to assume circular monomeric or multimeric structures (9, 11, 13, 51) , suggest that circularization in vivo may be the preferred result of interaction between cellular doublestrand DNA repair enzymes and the incoming AAV genome. Whether in vivo circularization occurs via a single-stranded or double-stranded intermediate is currently unknown, but recent in vitro data suggests circularization likely occurs via a doublestranded intermediate (8) .
In conclusion, we have shown that following naturally acquired infection, AAV DNA can persist mainly as circular episomes in human tissues. These findings are consistent with the circular episomal forms of recombinant AAV vectors that have been isolated and characterized from in vivo transduced tissues (12, 13) . Since the wild-type and vector genomes share only the AAV ITR, it is tempting to conclude that the ITR is the predominant determinant of genome persistence in vivo, and that recombination events drive circle formation in both cases. While we were unable to demonstrate integration into the AAVS1 locus, more human samples should be studied to confirm these findings before we presume that site-specific integration directed by AAV is restricted to cells in culture. Moreover, it is now time to go beyond the straightforward identification and characterization of AAV DNA sequences in tissues and move on to understanding which cell types harbor these persistent AAV genomes.
